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Abstract
During composting, self-heating may occur due to the exothermicities of the chemical and biological reactions. An accurate model for predicting maximum temperature is useful in predicting whether the phenomena would occur and to what extent it would have undergone.
Elevated temperatures would lead to undesirable situations such as the release of large amount of toxic gases or sometimes would even lead to spontaneous combustion. In this paper, we report a new model for predicting the profiles of temperature, concentration of oxygen, moisture content and concentration of water vapor during composting. The model, which consists of a set of equations of conservation of heat and mass transfer as well as biological heating term, employs the reaction engineering approach (REA) framework to describe the local evaporation/condensation rate quantitatively. A good agreement between the predicted and experimental data of temperature during composting of sewage sludge is observed. The modeling indicates that the maximum temperature is achieved after some 46 weeks of composting. Following this period, the temperature decreases in line with a significant decrease in moisture content and a tremendous increase in concentration of water vapor, indicating the massive cooling effect due to water evaporation. The spatial profiles indicate that the maximum temperature is approximately located at the middle-bottom of the compost piles. Towards the upper surface of the piles, the moisture content and concentration of water vapor decreases due to the moisture transfer to the surrounding. The newly proposed model can be used as reliable simulation tool to explore several geometry configurations and operating conditions for avoiding elevated temperature build-up and self-heating during industrial composting. Introduction
Composting is an effective process to convert organic solid waste materials into stable organic components under controlled conditions (Rynk, 1992) . Since it can improve the land use and decrease carbon emissions, it is considered as a sustainable strategy to maintain agricultural ecosystems (Jiang et al, 2015) . Microorganisms play an important role in degradation of the solid waste and their survivals are affected by physical and chemical conditions (Wang et al, 2015) .
Ambient temperature, moisture content, concentration of oxygen inside the compost piles and carbon to nitrogen ratio (C/N) are the primary factors that influence composting (Ahn et al, 2008) . For sewage sludge composting, aeration rate influences nitrogen stability, maturity and gas emissions. On the other hand, pH and germination rate are only slightly altered by the aeration rate (Yuan et al, 2016) . During sewage sludge composting, the addition of carbon sources reduces the nitrogen loss and therefore increase the compost quality. This may be because of improved population of bacteria involved in nitrification (Meng et al, 2016 ). In addition, co-composting of sewage sludge with mushroom substrate and wheat straw assists in reducing ammonia emission due to higher porosity and extra carbon sources. Co-composting sewage sludge with other substrates also increases the compost quality while minimizing ammonia emission (Meng et al, 2017) .
Generally, composting can be divided into four stages (Moraga et al, 2009 ). In the first stage, the temperature increases due to the growth of aerobic microorganisms. The respiration releases heat which increases the pile temperature. Due to the temperature rise, the aerobic microorganisms are replaced by the thermophilic microorganisms which can survive under elevated temperature. This stage is also marked by the temperature rise due to cellulose oxidation from the substrate. Since the oxidation continues to occur, a significant temperature rise may occur which leads to self-heating. At this stage, the liberated heat by oxidation is much higher than the released heat to the surrounding. This is further followed up by the temperature decrease because of the depletion of oxygen inside the piles (Moraga et al, 2009 ).
In aerobic composting, cellulose oxidation and biological activity are responsible for determining the temperature rise during the process. It is likely that at the beginning of composting, the biological activity is dominated by the aerobic microorganisms while at the elevated temperature, they are replaced by the thermophilic ones (Luangwilai et al, 2010) . As a result of these two exothermic reactions, internal heating inside the compost piles may occur.
When the heat released by the process is much larger that the heat absorbed by the environment, self-ignition may occur (Sexton et al, 2001) . The operating conditions seem to play an important role of self-heating during composting (Moraga et al, 2009 ). The height of compost piles may affect the extent of self-heating since it is related to the ratio of volume per unit surface area. The higher ratio of the volume per unit surface area accelerates the self-heating (Moraga et al, 2009 ).
The ambient temperature and wind velocity are also reported to affect the extent of self-heating.
The lower ambient temperature minimizes the self-heating effects since it increases the dissipated heat to the environment. Similarly, the wind velocity provides cooling effects to the compost piles (Moraga et al, 2009 ). Rynk et al (2000) further predicted that moisture content inside compost piles higher than 45% deters the extent of self-heating because the heat generated is used for water evaporation. If the moisture content inside the pile is below 20%, the activity of microorganisms is retarded which lowers the heat produced (Luangwilai et al, 2010) . The moisture content in the range of 20 to 45% is considered as the critical moisture content leading to spontaneous self-heating (Luangwilai et al, 2010) .
Self-ignition due to oxidation presents a serious threat during composting and other industrial processes. Various experimental studies have been undertaken to study the behavior of the thermal ignition (Bowes, 1984; Gray, 1991; . Traditionally, basket-heating method, based on Frank-Kamenetskii method (1939), has been employed (Bowes, 1984; Gray, 1991 ) but this method is not efficient considering the time and resources needed for experiments. Chen and Mitchell (1999) . The proposed reaction rate describes both growth and dormant period of the biomass by using both monotonic increasing and decreasing function (Chen and Mitchell, 1996) . The self-heating model represented well the generic behaviors during composting and the dependence of the phenomena on the kinetic parameters. Sidhu The moisture content of up to 60% of the compost weight may accelerate the composting process (Nakayama et al, 2007) . At higher level of moisture, the anaerobic condition may also occur which leads to severe smells (Cornell Waste Management Institute, 1996). Liang et al (2003) suggested that, a composting process has to be undertaken with moisture contents between 30 and 60%. The moisture content affects the temperature profiles during composting, especially when self-heating is involved (Nelson et al, 2006) . On the other hand, self-heating in compost may be taken as an advantage as it provides 'free energy' to dewater the compost (a kind of sludge) which is sometimes called bio-drying ( Nevertheless, the moisture may be firstly taken as being transferred inside the compost solid matrix by capillary diffusion (as a first approximation). Also, it is also possible that the moisture can migrate from the pore-surface of the porous compost materials (dense solid regions) to the void spaces inside compost piles by local evaporation and condensation schemes, much like what have been described in the drying processes for porous materials . To the best of our knowledge, there has been no explicit, accurate formulation of the rate of local evaporation/condensation rate presented to investigate the moisture effect upon compost heating (a biologically triggered self-heating process).
The reaction engineering approach (REA) was initially proposed by Professor X.D. Chen in 1996 to model the drying kinetics of thin layer or small size materials ). REA has since been further developed and extended to describe drying and heat/mass transfer processes under various challenging conditions (Putranto et al, 2011 a,b ). Recently, REA has been applied to model the local evaporation rate inside the materials undergoing heat and mass transfer processes. The combination of the REA with a set of dimensional equations of conservations has yielded the spatial reaction engineering approach (S-REA) (Putranto and Chen, 2013 a,b ). The S-REA models very well the convective drying, intermittent drying, baking, heat treatment of wood and water vapor sorption (Putranto and Chen, 2013 a,b ; 2014 a ; 2015 a,b ).
The paper is organized as follows: firstly, the experimental details reported previously are briefly reviewed followed up by the development of mathematical models. The measured results were employed as a benchmark for the current model. Subsequently, the relevant discussions of modeling results are provided.
Experimental details
The experimental data to validate the modeling are derived from the work of Moraga et al °C, concentration of oxygen is 0.272 kg.m -3 , humidity is 0.01 kg water.kg dry air -1 and C/N ratio of 28. Since the porosity of the sewage sludge packing is very low, the system is treated as a diffusive system.
Mathematical modeling
In order to describe the spatial profiles of concentration of oxygen, moisture content, concentration of water vapor and temperature inside the composting piles, a set of equations of heat and mass transfer conservations are used. Since the length of composting piles (z-direction)
is much higher than the height (x-direction) and depth (y-direction), the mass and heat balances in x and y-direction (refer to Figure 1 
whereCoxis the concentration of oxygen inside the piles (kg.m -3 ), Deff,ox is the diffusivity of oxygen (m 2 .s -1 ), ε is the porosity of the piles, Ac is the Arrhenius constant of the cellulose oxidation reaction (m 3 .kg -1 .s -1 ), Ec is the activation energy of the cellulose oxidation reaction (J.mol -1 ) and T is the temperature inside the piles (K).
The mass balance of liquid water can be expressed as (Putranto and Chen, 2013 a,b ; 2015 a,b ):
where X is the moisture content inside the piles (kg water.kg dry solids -1 ), Dw,l is the diffusivity of liquid water (m 2 .s -1 ), Cs is the solids concentration (kg dry solids.m -3 ) and . I is the local evaporation rate inside the piles (kg water.m -3 .s -1 ).
While the mass balance of water vapor can be written as (Putranto and Chen, 2013 a,b ;
where Cv is the concentration of water vapor inside the piles (kg.m -3 ) and Dw,v is the diffusivity of water vapor (m 2 .s -1 ).
. I is the local evaporation rate of the water from the solid matrix of porous compost materials to the void spaces inside the piles. The reaction engineering approach (REA) is implemented here to describe the local evaporation/condensationrate. By using the REA, the local evaporation rate can be expressed as (Putranto and Chen, 2013 a,b ; 2015 a,b ):
where hm,inis the mass transfer coefficient (m.s -1 ), Ain is the total surface area of mass transfer (2) and (3) to link the mass balance of liquid water and water vapor inside the compost piles.
The review of the reaction engineering approach (REA) has been presented previously (Chen and Putranto, 2013; Putranto and Chen, 2015 a,b ) and briefly summarized in Appendix A.
The relative activation energy of compost can be written as (Putranto and Chen, 2014 b ):
where ∆Ev,b represents the maximum ∆Ev at the corresponding humidity and temperature 
where ρ is the density of the piles (kg.m -3 ), Cpis the specific heat of the piles (J.kg -1 .K -1 ), T is the temperature of the piles (K), k is the thermal conductivity of the piles (W.m -1 .K -1 ), Qc is the heat of cellulose oxidation (J.kg -1 ), Qb is the heat of biomass oxidation (J.kg -1 ), ρb is the density of biomass (kg.m -3 ), A1is the Arrhenius constant of biomass oxidation reaction (m 3 .kg -1 .s -1 ), A2 is the Arrhenius constant of inhibition of biomass growth, E1 is the activation energy of the biomass oxidation reaction (J.mol -1 ) and E2 is the activation energy of the inhibition growth of biomass (J.mol -1 ) and ∆Hv is the vaporization heat of water (J.kg -1 ).
The initial conditions of equations (1), (2), (3) and (6) are, respectively t=0, Cox=Cox,0, X=X0, Cv=Cv,0, T=T0
Referring to Figure 1(b) , the boundary conditions for the equations are:
A, B and C:
) 
Two schemes are attempted as the boundary condition at the bottom of the piles. Scheme A implements equations (7) to (14) as the boundary conditions while Scheme B uses equations (7) to (13) and (15) as the boundary conditions. The physical properties used in the modeling are presented in Table 1 . In order to yield the spatial profiles of concentration of oxygen, moisture content, concentration of water vapor and temperature inside the composting piles during composting, equations (1) to (6) (7) to (14) .As shown in Figure 1 For the bottom of the piles, it is also attempted to use ambient temperature as the boundary condition whose results are shown in Figure 1 (6). This is then further followed by further temperature increase to 385 K as a result of cellulose oxidation. At this range of temperature, the biological activity seems to be dominated by the thermophilic microorganisms. The cellulose oxidation and the activity of the thermophilic microorganisms are represented by the second and third terms of the right hand side of equation (6), respectively. At 46 th week of composting, a significant self-heating was evident by a temperature jump to 514 K.
This jump seems to be due to significant increase in the heat generated by cellulose oxidation rate. The heat generated by cellulose oxidation increases to achieve 3970.2 W/m 3 at the 46 th week. At this period, it appears that the heat produced by the self-heating process is much larger than the dissipated heat to the surrounding. It is followed by a rapid reduction in temperature due to the exhaustion of oxygen there. After 100 weeks of composting, the heat produced by the cellulose oxidation is 0.0221W/m 3 The profiles of concentration of water vapor are shown in Figure 2 Figure 6 ). Following this, the concentration of water vapor is decreased, which may be due to the low evaporation rate from the solid matrix to the void space because of the depletion of moisture content inside the piles. The concentration of water vapor at the height of 0.4 m is higher than that at the height of 2.15 m, which is probably because of more enhanced evaporation rate at pile height of 0.4 m as a result of the higher temperature.
The spatial profiles of temperature, concentration of oxygen, moisture content and concentration of water vapor
The spatial profiles of temperature during composting are shown in Figure 3 . Figure 3(a) indicates the spatial profiles after 46 weeks of composting (at onset of self-heating). The maximum temperature is achieved at the middle-bottom of the piles. It appears that this is the location of hot-spot location where the very large heat generated (18946 W/m 3 ) is not balanced by the heat removed. The temperature gradient inside the compost piles is relatively large in agreement with the low thermal conductivity of the compost. The temperature decreases towards the upper-surface of the piles because at the upper-surface of the piles, the heat is transferred to the ambient via convection. Generally, the temperature of the pile base is higher than that at the upper part due to the insulation boundary conditions implemented at the pile base. It seems that the heat liberated by exothermic cellulose oxidation and microorganisms growth to accumulate at this position. The spatial profiles of temperature after 46 weeks composting are shown in Figure   3 (b). The temperature at 100 th week is lower than that at 46 th week which may be because of the decrease of the oxidation rate. No hot spot is noticed at this period. In addition, generally the temperature is more uniform that that at 46 th week which is possibly due to the lower temperature. corner of the piles, the moisture content is higher than that at the upper surface which may be related to the impermeable boundary conditions at the pile base. At 100 th week, the moisture content is much lower than that at the 46 th week since the equilibrium condition is approached. In line with this, the distribution of moisture content inside the pile is lower than that at the 46 th
week. This is also in agreement with the low distribution of temperature (Figure 3(b) ) and concentration of oxygen (Figure 4(b) ). shown in Figure 6 (b). The concentration of water vapor at this period is lower than that at 46 th week which could be related to the lower moisture content at this period. The concentration of water vapor at the upper surface is slightly lower than that at the center of pile. This is reasonable since at the upper surface, the diffusive water vapor is balanced with the convective water vapor to the ambient. Nevertheless, the gradient of concentration of water vapor at this stage is lower than that at the 46 th week. Similar phenomena are also observed for the temperature, concentration of oxygen and moisture content as highlighted above.
Based on the above discussions, the new model is able to describe the profiles of concentration of oxygen, temperature, moisture content and concentration of water vapor. While the model matches well with the experimental data, the complex interrelationships between these variables are well explained by the model. By application of the reaction engineering approach (REA), the reasonable profiles of moisture content and concentration of water vapor are generated. These profiles help to comprehend better the transport phenomena inside the piles.
The accuracy of the model also indicates that the REA is an alternative model to describe the local evaporation/condensation rate inside porous materials undergoing heat and mass transfer processes at elevated temperature coupled with the chemical and biological reactions. The new model can be used to assist in prediction of the extent of self-heating during composting as well as explore composting conditions (geometry and configuration of piles, air conditions) to avoid the self-heating.
Conclusions
Composting that induces elevated temperature may lead to self-heating. In this paper, a new mathematical model has been assembled to predict the self-heating. The model consists of a set of equations of conservation in which the reaction engineering approach is employed to model the local evaporation rate. The model overall predicts intuitively correct profiles of temperature, moisture content, concentration of oxygen and water vapor. A comparison between the experimental and simulated temperature-time profiles shows the good promise. The model has helped to visualize the transport phenomena during composting. Sludge bio-drying using this system will be investigated in the near future.
Appendix A. A Brief review of the reaction engineering approach (REA) By using the REA, the mass balance of water during heat and mass transfer processes can be expressed as (Chen and Xie, 1997; Chen, 2008):
where X is the average moisture content on dry basis, hm is the mass transfer coefficient (m.s -1 ),
A is the surface area (m 2 ), ∆Ev is the activation energy (J.mol -1 ),Ts is the sample temperature (K), ms is the dried mass of sample (kg), ρv,sat is the saturated water vapor concentration (kg.m -3 ) and
ρv,b is the concentration of water vapor in drying medium (kg.m -3 ).
Equation (A1) indicates that the REA is expressed in first order ordinary differential equation with respect to time. Equation (1) is the core of the reaction engineering approach, further called as the lumped reaction engineering approach (L-REA). The L-REA does not assume uniform moisture content but it evaluates average moisture content of the samples during drying.
The activation energy (ΔEv) is determined experimentally by placing the parameters required for equation (A1) in its rearranged form:
where dt X d / is experimentally determined. Besides the average moisture content, the surface area, temperature and mass transfer coefficient need to be measured or known.
The dependence of activation energy on average moisture content on a dry basis ( X ) can be normalized as:
wheref is a function of water content difference, ∆Ev,b is the 'equilibrium' activation energy representing the maximum ΔEvdetermined by the relative humidity and temperature of the drying air:
RHb is the relative humidity of drying air and Tb is the drying air temperature (K).
In order to generate the relative activation energy (ΔEv/ΔEv,b) shown by equation ( The activation energy is divided by the equilibrium activation energy (∆Ev,b) indicated by equation (A4) to yield the relative activation energy during drying. This is a normalization process. For similar drying condition and initial water content, it is possible to obtain the necessary REA parameters (apart from the equilibrium isotherm), expressed in the relative activation energy (ΔEv/ΔEv,b) as indicated in equation (A3) in one accurate drying experiment.
The relative activation energy (ΔEv/ΔEv,b) generated can then be used to project to other drying conditions provided the material has the same initial moisture content (Chen, 2008) . 
